ABSTRACT: The viscosity of room temperature ionic liquid + molecular solvents is correlated using the Jouyban−Acree model, and the accuracy of the model is evaluated using average relative deviations (ARD) of the calculated and experimental values. The overall ARD of 6.9 % was obtained for the proposed model where the overall ARD for a similar model from the literature was 22.4 %. The mean difference between ARDs of the models was statistically significant. Combined forms of the Jouyban−Acree model and the Abraham parameters were used for predicting the viscosity of the mixtures at various temperatures. The overall ARD for the investigated mixtures was 15.0 % when the experimental viscosity of the pure solvents was included. The ARD of the in silico version of the model was 20.7 %.
■ INTRODUCTION
Room temperature ionic liquids (RTILs) are a new class of solvents attracting considerable attention in the pharmaceutical/ chemical industries. RTILs are used in manufacturing nanomaterials, high temperature lubricants, excipients for new drug delivery systems, novel stationary phases for gas chromatographic systems, and extraction solvents for separation of analytes. Very low vapor pressure, multiple solvation interactions with organic and inorganic compounds, very good chemical and thermal stability, high ionic conductivity, and wide melting point temperature ranges are the main advantages of RTILs over common molecular solvents. In addition to the applications of RTILs, their mixtures with molecular solvents are used in the industry providing wider physicochemical properties. Viscosity data of the mixtures are required in some related computations and a number of attempts have been made to collect the experimental values of the viscosity and density of these mixtures.
1−23 Despite these experimental efforts, a number of mathematical models were proposed to compute the properties. The aims of this work are to propose a mathematical model to fit the viscosity data of RTILs + solvent mixtures at various temperatures and also provide global versions of the model to predict the viscosity data.
■ COMPUTATIONAL METHODS
Larriba et al. 10 used Bringham mixing rule to estimate the viscosity of binary mixtures containing two ionic liquids. The equation is a reciprocal viscosity prediction as where (η mix ) T is the viscosity of the binary mixture at a given temperature (T), (η 1 ) T and (η 2 ) T denote the viscosity of RTIL and molecular solvent, x 1 and x 2 are mole fractions of RTIL and molecular solvent, respectively. One could probably generalize the equation to include other mixture compositions, such as volume fractions, mass fractions, etc. The equation is a strictly empirical equation. It is an outright prediction of viscosity in that there are no curve-fit parameters. All that one needs is the viscosity of the two pure liquids at each temperature studied.
Domanska and co-workers 15 described the temperature dependence of viscosity with the Vogel−Fulcher−Tamman (VFT) equation
and Wang et al.
1 used a slightly different variation
where A, T o , B, and η o , are curve-fitting parameters depending on which temperature dependence was used. In each study, the authors calculated the curve-fit coefficients for each of the binary solvent mixtures. There was no attempt to incorporate a compositional dependence into the coefficients. One might be able to reasonably put these two ideas together as
in which the three curve-fit parameters for each pure solvent could be computed by fitting the viscosity of each as a function of temperature. Predictions based on the above equations could be compared to eq 4 as it is a logical combination of two ideas being used in the recent literature.
The Eyring kinetic equation was used for correlating viscosity (η m,T ) data of binary mixtures by Gong et al. 24 The equation is 
where A 1 −A 8 are the model constants calculated using a nonlinear least-squares analysis, R is the gas constant, and T is the absolute temperature. The purpose of this work is to present the capabilities of the Jouyban−Acree model 25−27 and its combined version with the Abraham parameters for representing the experimental data. The basic model for describing the physicochemical properties (P m,T ) of the binary mixtures with respect to solvent composition and temperature is 
where P m,T , P 1,T , and P 2,T are the numerical values of the property (viscosity, density, or molar volume) of the mixture and liquid 1 (RTIL in this work) and 2 (molecular solvent in this work) at temperature T, respectively, and J i represents the model constants. The J i terms could be calculated by regressing (ln P m,T −x 1 ln P 1,T −x 2 ln P 2,T ) against [x 1 x 2 /T],[(x 1 x 2 (x 1 −x 2 ))/T], and [(x 1 x 2 (x 1 −x 2 ) 2 )/T] by a no intercept least-squares analysis. 28 The correlated data was compared with the corresponding experimental data by computing the average absolute relative deviation (ARD) using
in which N is the number of data points in each set.
■ RESULTS
The gathered viscosity data were correlated using the proposed model and the names of the components, their references, and the ARD values for eqs 5 and 6 are listed in overall ARD to 6.4 ± 6.9 %. The overall ARDs of eq 6 for RTIL + water mixtures was 7.1 ± 2.5 (NDS = 12) and that of RTIL + organic solvents (or RTIL) was 6.8 ± 9.0 % (NDS = 33), in which there was no statistically significant difference among overall ARD values revealing good capability of the model to fit both aqueous and nonaqueous binary mixtures. Equation 5 reproduced the viscosity data of the binary mixtures with the overall ARD (± SD) of 22.4 ± 43.8 % which was significantly (p < 0.017) more than the 6.9 % of eq 6. The main drawback of eq 6 is that it requires a number of viscosity data in the binary mixtures for computing the numerical values of the model constants, and also the viscosity of the pure solvents. To provide a global model to predict the viscosity of the mixtures, it is possible to include some physicochemical parameters representing the interactions within the binary mixtures responsible for deviation from the linear behavior. One of the best parameters to represent the interaction within the mixtures are the Abraham parameters which are developed for nonionized chemicals. 29, 30 In recent works, the parameters were also presented for ionized forms and were used in a number of applications. 31−36 The J i terms of eq 6 which stand for the various solvent− solvent interactions in the mixture, 37 may be represented by Abraham parameters and hence eq 6 may be rewritten as eq 8 for viscosity data, 
where subscripts 1 and 2 are the properties of solvents 1 and 2, and W terms are the model constants representing the two and three body interactions of the components. From a strictly mathematical point-of-view, they are adjustable curve-fit parameters determined from regressing (ln η m,T − x 1 ln η 1,T − x 2 ln η 2,T ) against 
2 )/T, using a no intercept least-squares analysis. The collected data with available Abraham parameters (see Table 2 ) were fitted to eq 8 and after excluding the nonsignificant coefficients (p > 0.05), the obtained trained model was Table 3 ). 
.
This version does not require any experimental viscosity data. When available data were fitted to eq 10, the trained model after excluding nonsignificant variables was For the other data sets, the Abraham parameters were not available. Table 3 ). Figure 2 illustrates the linear plot of the predicted viscosity data by eq 11 against the corresponding experimental values along with the equation and the correlation coefficient.
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In comparison with eq 9, lower correlation and more scattered plot is obtained; however, eq 11 is an in silico model and requires the Abraham parameters of the pure solvents which usually are available from the literature or could be calculated using group contribution methods. In conclusion, the proposed models provided reasonable accurate results to calculate the viscosity of RTILs + solvent mixtures with respect to their composition and temperature.
The overall ARD of 6.4 % was obtained for correlated data, 15.0 % for predicted data employing experimental data of η 1,T and η 2,T and 20.7 % for in silico prediction of the data revealing that the Jouyban-Acree model is able to accurately represent the viscosity data of the mixtures and Abraham parameters are good predictors of the interactions occurring in the mixtures. The overall ARD of a similar model from the literature, that is, eq 5, was 22.4 which is significantly higher than the corresponding value for the proposed model.
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